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A three-gene operon, named yctCBA (Yersinia citrate transporter), induced by citrate and repressed by
glucose was identified from a previously selected in vivo-induced (ivi) clone in the fish pathogen Yersinia ruckeri.
Interestingly, despite being an ivi clone, the drastic growth reduction of the yctC mutant in the presence of
citrate, and the relatively high content of this compound in rainbow trout serum, the operon was not required
for virulence.
Yersinia ruckeri is the etiologic agent of enteric redmouth
disease (ERM), one of the most widespread diseases in the
aquaculture of salmonids (4, 26). Despite the existence of a
reasonably effective vaccine that has been administrated for a
long time, outbreaks still occur in areas where ERM is en-
demic. Moreover, the composition of that commercial vaccine
does not confer protection against a new biogroup recently
isolated in different countries (2, 3, 16). The pathogenic mech-
anisms of this bacterium are still not very well understood. It
has been suggested that extracellular enzymes are related with
virulence (23). In this respect, Ferna´ndez et al. (15) demon-
strated the involvement of Yrp1, a serralysin-type protease, in
virulence, but lipolytic activity does not seem to be required for
virulence (11). Analysis of a signature-tagged mutagenesis Y.
ruckeri library (6) identified a high-affinity zinc transporter
ZnuABC (8) and the UvrY response regulator of the BarA-
UvrY two-component system (7) as virulence factors. In an-
other study, Ferna´ndez et al. (12, 13) used an in vivo expression
technology (IVET) system, 14 in vivo-induced genetic loci (ivi
genes) were selected, some of which have been proven to
participate in virulence, such as an iron uptake mechanism via
the siderophore ruckerbactin (12), the YhlA hemolysin/cytol-
ysin (14), and a putative type IV secretion system encoded by
the traHIJKCLMN operon (18). One of the previously selected
ivi clones named Y. ruckeri 150RiviIX, contained a partial open
reading frame (ORF) that encoded a protein that has signifi-
cant identity with the TctC protein of the tripartite tricarbox-
ylate transporter family (30). Tricarboxylic acids, particularly
citrate, are present in many natural environments, such as
fruits, vegetables, milk, and human serum. Characterization
and study of the biochemistry and regulatory properties of
different citrate transport systems in bacteria have been carried
out (5, 10, 30). Interestingly, in plant-pathogenic bacteria, such
as Pectobacterium atrosepticum (27) and Xanthomonas campes-
tris (25), the involvement of citrate uptake systems in virulence
has been described.
This study describes the identification in Y. ruckeri of the
yctCBA operon, which was induced by citrate and rainbow
trout serum (RTS). Despite being an ivi operon, it was not
involved in virulence, since a yctC mutant was found to be as
virulent as the parental strain.
Y. ruckeri 150R, a rifampin-resistant derivative of Y. ruckeri
150 strain (14), isolated during naturally occurring outbreaks
of ERM at a Danish fish farm (kindly provided by J. L. Larsen,
University of Frederiksberg) was used in this work. The strain
identification was verified using phenotypic tests (i.e., API
20E) and molecular techniques, including PCR specifically for
Y. ruckeri (9). Stock cultures were kept in nutrient broth (NB)
containing 25% (vol/vol) glycerol at 70°C. Bacteria were rou-
tinely grown on nutrient broth agar (NA) plates at 18°C.
Pathogenicity was determined by the presence of characteristic
external and internal signs of disease associated with ERM (4)
and confirmed by 50% lethal dose (LD50) as well as by kinetic
challenge experiments.
Analysis of the ivi clone. DNA sequencing of Y. ruckeri
150RiviIX was carried out by the method of Ferna´ndez et al.
(12). The analysis of the sequence revealed the presence of a
partial open reading frame of 424 bp encoding a protein with
high identity to TctC, a protein from Salmonella enterica sero-
var Typhimurium involved in the transport of tricarboxylic
substrates. The sequencing of the region adjacent to this ge-
netic locus allowed the identification of the yctCBA genes
flanked by a putative promoter sequence and a rho-indepen-
dent transcriptional terminator (Fig. 1). Analysis of ORFs
using Blastx, PSORTb, SignalP, and SOSUI programs re-
vealed the characteristics of the translational products. The
first ORF consisted of 981 bp and encodes a protein of 326
amino acids that shows a high degree of identity to TctC
from S. enterica serovar Typhimurium (79%) (24), a putative
tricarboxylate transport protein from Serratia proteamacu-
lans (86%) (GenBank accession no. YP_001479568) and
BctC, the corresponding protein from Bordetella pertussis
(62%) (1). Due to its similarity, the gene was named yctC;
the predicted protein carries a signal peptide of 23 amino
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acids, and it was suggested that YctC would probably be a
periplasmic protein. A second ORF, of 432 bp, was found 16 bp
downstream of yctC. The product of this gene had high sequence
identity with TctB from S. enterica serovar Typhimurium (66%)
(28, 29) and a hypothetical protein from Serratia odorifera (76%)
(GenBank accession no. ZP_06191120) and had substantially
lower identity with BctB from B. pertussis (35%) (1). The gene
was named yctB, and the deduced amino acid sequence is pre-
dicted to be a cytoplasmic membrane protein with 5 transmem-
brane regions. A third ORF (1,518 bp), named yctA, was found 8
bp downstream of yctB. It encoded a protein of 505 amino acids
which showed high identity with TctA from S. enterica serovar
Typhimurium (87%) (28, 29), putative proteins from S. proteam-
aculans (94%) (GenBank accession no. YP_001479570) and S.
odorifera (94%) (GenBank accession no. ZP_06191121), and
BctA from B. pertussis (59%) (1). YctA is predicted to be a
cytoplasmic membrane protein, with 12 transmembrane helices
and a signal anchor. According to the identities and the intergenic
regions, the genes form a yctCBA operon encoding three proteins
involved in the transport of tricarboxylic acid cycle intermediates
into the cell. In S. enterica serovar Typhimurium, three different
citrate utilization systems (TctI, TctII, and TctIII) have been
described, but only TctI, corresponding to the TctCBA system,
has been well characterized (28, 29). A similar operon is present
in Corynebacterium glutamicum (21) and Bordetella pertussis (1).
Citrate induces the yctCBA promoter. The Y. ruckeri
150RiviIX strain contains a transcriptional fusion between the
yctCBA promoter and the lacZY genes (Fig. 1), which was used
to study the regulation of the yctCBA operon. For promoter
expression studies, 250-ml flasks containing 20 ml of M9 me-
dium supplemented with 0.2% (wt/vol) Casamino Acids (M9C)
were inoculated with 200 l of a Y. ruckeri 150RiviIX overnight
culture, followed by incubation in orbital shakers at 250 rpm.
Samples of 1 ml from exponential-phase cultures were col-
lected and stored at 20°C. The -galactosidase activity of the
yctC::pIVET8 transcriptional fusion was measured in triplicate
in three independent experiments by the method of Miller
(19), using ONPG (o-nitrophenyl--D-galactopyranoside) as a
substrate. After an analysis of variance test, P values of 0.05
were considered significant. The results showed that both tri-
sodium citrate and trisodium isocitrate (Sigma Chemical Com-
pany S.A.) exerted an influence on the transcription levels of
the yctCBA promoter. Thus, the levels of -galactosidase ac-
tivity were 3.5-fold higher when the cells were incubated in
medium supplemented with citrate. In fact, maximal induction
was obtained at a citrate concentration of 1 mM. In addition,
the expression of the yctCBA promoter was 2-fold higher at
18°C, a temperature related to the natural infection process,
than at 28°C, the optimal growth temperature of this microor-
ganism. A glucose concentration of 0.5% (wt/vol) was enough
to turn promoter expression off, this being a clear example of
catabolic repression. This phenomenon is not generally ob-
served in all species, given that in the homologous system of C.
glutamicum, citrate uptake was not under catabolic repression
(21).
In order to determine why the yctCBA operon, induced by
citrate, was selected as an ivi clone, rainbow trout serum was
obtained from blood samples taken from the caudal vein, col-
lected in BD Vacutainer SST II Advance tubes, and centri-
fuged for 15 min at 1,300 rpm to separate the serum from the
cells. A commercial fetal bovine serum (FBS) (Invitrogen Life
Technologies) was also used. Y. ruckeri 150RiviIX strain was
incubated in M9C medium supplemented with 10% (vol/vol)
of either RTS or FBS, and -galactosidase activity was deter-
mined in exponential-phase cultures. Increases of 24.25% 
5.57% and 48.36%  7.79% in yctCBA promoter expression
were obtained for RTS and FBS, respectively. High-perfor-
mance liquid chromatographic (HPLC) analysis of both sera
was performed by the method of Gonza´lez de Llano et al. (17)
using an ionic exclusion column ICSep ION-300 (Trans-
genomic, San Jose, CA) loaded with 100 l of a serum sample
that had previously been diluted 10-fold and filtered (0.45 m).
Citric acid elution occurred at 14 min, and quantification was
performed by using a linear regression equation (R2  0.99)
using citric acid at different concentrations as a standard. A
clear peak eluting in the same minute as the control citrate was
found for RTS and FBS, revealing the presence within each
peak of approximately 100 M and 200 M citrate, respec-
tively. Therefore, proportional induction was found between
the amount of citrate present in each serum sample and the
increase in -galactosidase activity, confirming a dose-related
response promoter model. As sera were diluted 10-fold in the
M9C medium, the results indicated that citrate concentrations
of 10 M and 20 M would be enough to induce the yctCBA
promoter, although it should be remembered that other
operon inducers could be present in the sera. All the results
clearly established that citrate was present in animal sera in
concentrations that would make it useful as a nutrient compo-
nent. However, there were no growth differences between the
wild-type strain and the yctC mutant strain when they were
incubated using rainbow trout serum as a medium (data not
FIG. 1. Chromosomal organization of the region containing the
yctCBA operon in Y. ruckeri 150R. The direction of transcription is
indicated by arrows. The arrangement of the transcriptional fusion
between ytcC and the promoterless genes lacZY in the Y. ruckeri
150RiviIX strain is shown below the map. The putative promoter
(P) selected by IVET is indicated, as well as the catseq2 oligonucleo-
tide used to sequence the fragment adjacent to the pIVET8 integration
site. The black circle represents the pIVET8 replication origin. S, SalI
site; Sp, SphI site; yctC’, initial 424 bp of the yctC gene; yctC, com-
plete copy of the yctC gene; cat, chloramphenicol acetyltransferase
gene (promoterless); lacZY, genes for lactose fermentation (promot-
erless); bla, ampicillin resistance gene.
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shown). In the same way, immersion challenge trial kinetic
experiments showed that the inability of the yctC mutant to use
citrate was not relevant to the progression of the infection,
since that was similar to that of the wild-type strain (data not
shown). It seems that in complex nutrient environments,
citrate utilization is not essential for the bacterial growth. Nev-
ertheless, we cannot rule out the possibility that, in some par-
ticular environments or conditions of nutrient shortage, the
ability to use citrate provides an advantage to this bacterium.
The yctCBA operon is required for growth on citrate but
does not contribute to the virulence of Y. ruckeri. In order to
determine the role of this operon in the physiology and viru-
lence of the bacterium, a yctC mutant was obtained by homol-
ogous recombination between an internal yctC fragment and
the corresponding sequence in the chromosome. Therefore, a
457-bp internal fragment of the yctC gene was amplified by
PCR with the primers iviIX-E (5-ATGAGAATTCCGGTTCG
CTACTTAATC-3; nucleotides 288 to 304, which correspond
with the gene sequence, are in boldface type) and iviIX-S
(5-AGGAGTCGACGAAACCCTGTTCTTTGG-3; nucleo-
tides 744 to 728, which correspond with the gene sequence, are
in boldface type). The 5 ends of the iviIX-E and iviIX-S
primers contained restriction sites (in italics) for EcoRI and
SalI, respectively, and four additional bases. The generated
amplicon was digested with both enzymes and ligated into the
pJP5603 vector (20), previously digested with the same en-
zymes. The ligation mixture was used to transform electrocom-
petent cells of Escherichia coli S17-1pir. Selected transfor-
mants, containing the plasmid with insert, were used to
conjugate with Y. ruckeri 150R to obtain the yctC mutant. The
presence of the mutation was confirmed by Southern blot anal-
ysis (data not shown), and the stability of the mutation in the
absence of the antibiotic was checked as previously described
(18). According to the operon structure, this mutation should
be a polar mutation. The growth of the yctC mutant strain on
M9C medium containing 25 mM sodium citrate was consider-
ably retarded in relation to that of the parental strain (Fig. 2)
showing that this mutant had drastic limitation for growth in
the presence of citrate as the sole carbon source. Moreover,
similar growth curves for both mutant and parental strains
were obtained when M9C medium alone and M9C medium
supplemented with 0.5% (wt/vol) glucose were used (Fig. 2).
This suggested that the YctCBA system is the only citrate
transporter under the conditions assayed and that the
yctC::pJP5603 mutation suppressed citrate utilization.
Once the determining role of YctC for citrate utilization as
well as the presence of important citrate levels in the RTS had
been defined, we wanted to know whether the YctCBA system
was involved in bacterial virulence, given that the selection of
the Y. ruckeri 150RiviIX clone indicated that the gene is spe-
cifically expressed in the fish. LD50 experiments using the pa-
rental and mutant strains were performed by the method of
Ferna´ndez et al. (15). Briefly, groups of 10 fish (Oncorhynchus
mykiss) weighing between 10 and 15 g were kept in 60-liter
tanks at 18°C  1°C. They were challenged by intraperitoneal
injection of 0.1-ml portions of serial 10-fold dilutions, and
mortality was monitored for up for 7 days. Two independent
experiments were carried out, and the LD50 determinations
were calculated by the method of Reed and Muench (22). All
the animal experiments were conducted in accordance with
European legislation governing animal welfare and were au-
thorized and supervised by the Animal Experimentation Ethics
Committee of Oviedo University. The results indicated that no
significant differences were found between the LD50s of the
parental strain (3.6 	 105 CFU) and mutant strain (1.9 	 105
CFU). Therefore, the tricarboxylate transporter system
YctCBA does not contribute to virulence in rainbow trout.
Despite being selected as an ivi clone, it seems that the
yctCBA operon is involved in nutrition given that citrate was
present in RTS and is a compound that could be introduced
into the tricarboxylic and glyoxylate cycles. According to the
results, the system is not essential for growth in vivo and does
not seem to represent an advantage for bacterial survival and
progression in the host. These results contrast with those ob-
tained in the phytopathogenic bacteria P. atrosepticum (27) and
X. campestris (25) in which citrate uptake is involved in bacte-
rial virulence. Nevertheless, the involvement in virulence of
this system should be evaluated in each case in view of the fact
that citrate is a component of animal sera.
Nucleotide sequence accession number. The sequences for
the genes of the yctCBA operon have been deposited in Gen-
Bank database under accession number HM991732.
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